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Abstract 
Particulate matters (PMs) must be removed from the exhaust gas emitted from engines to protect the environment and 
human health. The problem of particulate emissions from diesel engine can be reduced in many ways, for examples: 
development of modern engine, fuel additives, diesel particulate filter (DPF) and oxygenated fuel. This paper 
describes a part of an ongoing research project in PM reduction as emitted from combustion. The main part is study 
of PM nanostructure by using Transmission Electron Microscopy (TEM). The primary size distributions as well as 
PM structures were presented by TEM images. The average primary sizes of biodiesel and diesel fuels PMs are 
approximately 30-40 nm and 50-60 nm, respectively. The average carbon platelet sizes of both PMs are in the range 
of 0.1-7.0 nm. Moreover, approximately 830 carbon atoms per cubic nanometer of PMs also could be estimated and 
presented in the present report. The results of this research would be used as basic information for design and develop 
removing process of PM emitted from engine combustion which using in diesel and biodiesel fuels. 
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1. Introduction 
Among internal combustion engines (ICE), diesel or compression-ignition (CI) engines have the 
highest thermal efficiency for a given output power. However, particulate matters (PMs) and NOx must 
be removed from the exhaust gas emitted from diesel engines to protect the environment and human 
health. Therefore, regulation of vehicle emissions has become increasingly strict. However, it is very 
difficult to develop internal combustion engine and after treatment systems for simultaneous removal of 
PM and NOx. 
The problem of particle emissions from diesel engine should be improved by developing the high 
efficiency modern engine, after-treatment and pre-treatment technologies. Diesel Particulate Filters 
(DPFs) play an important role in PM trapping and oxidation. A DPF is generally made of ceramic 
materials, such as cordierite or silicon carbide, consisting of many rectangular channels with alternate 
channels blocked using cement at each end. The exhaust gas is forced to flow through a channel wall 
having numerous micron-scale pores that trap the PM. Furthermore, the collected PM must be oxidized to 
regenerate the DPF and reduce the back pressure on the diesel engine [1-3]. 
The nanostructures of soot primary particles have been characterized using scanning electron 
microscope (SEM) and transmission electron microscopy (TEM) to understand them in detail. The mean 
diameter of the primary and agglomerated particles is usually in the range of ultrafine particle and fine 
particle, respectively. A primary soot particle has two distinct parts: an inner core and an outer shell. The 
inner core is located at central region of the primary particle [4 11]. The composition of PMs from a 
diesel engine may vary widely depending on the operating conditions and fuel composition. Based on 
analysis performance with a combination of physical and chemical methods, PM is traditionally divided 
into three main fractions: solid fraction (SOL), soluble organic fraction (SOF), and sulfate particulates 
(SO4) that consist of sulfuric acid and water. The SOL of diesel PMs is composed primarily of elemental 
carbon, sometimes referred to as inorganic carbon. This carbon, not chemically bound with other 
elements, is the finely dispersed carbon black or soot substance responsible for black smoke emission. 
HCs adsorbed on the surface of the carbon particles are present in the form of fine droplets from the SOF 
of diesel particulates. At times, this fraction is also referred to as the volatile organic fraction (VOF). The 
SOF fraction contains most of the polycyclic aromatic HCs (PAHs) and nitro-PAHs emitted with diesel 
exhaust gases. PAHs are aromatic HCs with two or more benzene rings joined in various forms that are 
more or less clustered. These require special attention because of their mutagenic and, in some cases, 
carcinogenic character. The water, unburned HC, carbon and ash regions are verified for oxidation 
reaction by Thermogravimatric Analysis (TGA) and Temperature Program Oxidation (TPO) [12 17]. 
Applications of renewable oxygenated fuels is nowadays a widespread means to reduce amount and 
particle size of regulated pollutant emissions produced by internal combustion engines because oxygen 
atoms inside fuel molecules promote more completed combustion, as well as to reduce the green house 
gas resulting from carbon neutral. The combustion of bio-oxygenated fuel emits carbon dioxide (CO2) to 
the atmosphere for the growth of plants, which are produced by biodiesel fuel and released out of the 
atmosphere as carbon by photosynthesis. More advantages of biodiesel over other fuels are that it 
contains much lower sulfur and aromatic HC content [18].  
The objective of the present research is to study diesel and biodiesel PMs nanostructure by using TEM 
images. The report would be successfully described as the useful information of diesel and biodiesel PM 
nanostructures for better understanding and future design of DPF configuration for diesel and biodiesel 
blends engine application in Thailand and Asian countries. 
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2. Experimental Setup and Method 
2.1. Fuels and PM generators   
A conventional diesel fuel (B4-5) was used and compared with the results of biodiesel fuel derived 
from palm-olein (biodiesel (B100) fuel of TIS 2313-2549). Diesel and biodiesel PMs were emitted from 
diesel and biodiesel diffusion flame which were generated by lamp and small engine. The lamp energy 
consumption is 0.01 g/s. On the other hand, the small diesel engine has displacement of 638 cm3 and a 
rated output of 8.8 kW. The small diesel engine is a single cylinder, four strokes and direct injection. The 
fuel injection pressure was approximately 19.6 MPa. The engine was operated by constant speed of 2400 
rpm on the Eddy current engine dynamometer (Tokyo plant ED-60-LC). The fuel consumption of each 
fuel was measured by weight loss respect to time for comparison in the view point of energy 
consumption. PMs were introduced into the micro pores of DPF samples, as shown in Fig.1. The pressure 
drop between inlet and outlet of the DPF sample were measured in each trapping time in real time by 
pressure sensor.  
 
 
         
 
Fig.1. SEM images of cordierite DPF surface pores 
 
2.2. SEM and TEM   
The PM emitted from diffusion flame was collected by metal net in exhaust pipe and be removed to be 
a powder. The nanostructures of PMs and carbon platelet were investigated by using a scanning electron 
microscopy (FE-SEM: Hitachi S-4700, JEOL JSM-6301F) and a transmission electron microscopy 
(TEM: JEOL JEM-2010). In addition, carbon platelet length and atom density of PMs were estimated by 
TEM image using image processing.  
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3. Results and Discussions 
3.1. PMs quantity  
Figure 2 (a) and 2 (b) show the results of lamp and engine PMs trapping behaviours. Pressure drop 
between the inlet and outlet of the filter wall during diesel PM trapping was approximately 2 times higher 
than that of biodiesel PM. Hence, diesel soot formation was higher than biodiesel. This could be 
explained that more soot particle was remained in diesel combustion than those of biodiesel. Because it 
contains oxygen molecule, biodiesel is readily oxidized with available oxygen in the flame zone. 
Consequently, DPF trapping duration of biodiesel fuel has longer than that of diesel fuel because of PM 
concentration emitted from bio-oxygenated fuel combustion frame is lower than that of diesel 
combustion. 
  
  
(a) Lamp PM trapping                                                    (b) Engine PMs trapping 
 
Fig.2. Pressure differential of diesel and biodiesel (a) lamp and (b) engine PMs trapping 
 
 
3.2. PMs size distribution  
The soot particle is formed in the fuel spray cores, in which the rich fuel is contained, whereas the fuel 
vapor is heated by mixing with hot burned gases in the flame regions. Simultaneously, the surface of soot 
particle is also oxidized in the flame zone when it contacts with available oxygen. In this research, the PM 
image is taken to verify the diesel and biodiesel particle and carbon platelet sizes by micro- and nano- 
image.  
Figure 3 show SEM images of (a) diesel, (b) biodiesel PMs emitted from the lamp and (c) diesel, (d) 
biodiesel PMs emitted from the engine. Uniform submicron scale agglomeration of PMs is clearly seen. 
The agglomerate size was about 100 to 600 nm. The normalized of PM size distribution of approximately 
100 particles measured by SEM images were shown in Fig. 4 (a) based on particle number. Much amount 
number of 100 to 300 nm size was observed for both their particles emitted by the engine and lamp. The 
image showed that the biodiesel agglomerate particle size from both sources is slightly smaller than that 
of diesel particle.  
Figure 4 show TEM images of (a) diesel, (b) biodiesel PMs emitted from the lamp and (c) diesel, (d) 
biodiesel PMs emitted from the engine. Uniform ultrafine single (primary) particle of soot is clearly seen. 
The primary size was about 20 to 80 nm. The normalized of PM size distribution of approximately 100 
particles measured by TEM images were shown in Fig.4 (b). Much amount number of 30 to 50 nm size 
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was observed for both their particles emitted by the engine and lamp. Single particle sizes of biodiesel 
PMs are smaller than that of diesel.  
Absolutely, the oxygen content of bio-oxygenated fuel is strongly affected to the more complete 
combustion resulting in the smaller size of agglomerate and single particle of PMs. Moreover, the 
remaining oxygen atoms of bio-oxygenated fuel may be also strongly affected to the oxidation of PM 
surface. Consequently, the different size of a single particle might be depends on not only the 
genated fuel 
combustion.    
 
 
     
 
(a) Diesel l agglomerate PMs                     (b)  Biodiesel l agglomerate PMs 
 
     
 
(c) Diesel engine agglomerate PMs                     (d)  Biodiesel engine agglomerate PMs 
 
Fig.3. SEM images of (a) diesel lamp, (b) biodiesel lamp, (c) diesel engine and (d) biodiesel engine PMs 
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(a) Agglomerate particle of PMs by SEM images                             (b)  Primary particle of PMs by TEM images [18] 
 
Fig.4. Size distribution of (a) agglomerate and (b) primary particle of PMs by SEM and TEM images 
     
(a) Diesel l single particle of PMs                     (b)  Biodiesel l single particle of PMs 
     
(c) Diesel engine single particle of PMs                     (d)  Biodiesel engine single particle of PMs 
 
Fig.5. TEM images of (a) diesel lamp, (b) biodiesel lamp, (c) diesel engine and (d) biodiesel engine PMs 
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3.3. Carbon platelet size distribution   
The nanostructures of primary diesel soot particles have been characterized using a TEM to 
understand them in detail. Figure 6 (a) shows the nanostructure of diesel PM which is emitted from 
diffusion flame combustion inside a conventional small diesel engine. PM is investigated for number of 
carbon atom include in the particle. TEM image is used for numerate platelet number that aggregate 
layered in the particle. Each of platelet is consisted properly by carbon atom from incomplete combustion 
product. Figures 6 (b), (c), and (d) are the images of focused area before, after post processing of two 
colors and after post processing of carbon platelet length estimation, respectively. The estimated of 
platelet sizes are shown in Fig.7. The average of diesel carbon platelets is in the range of 0.1-7.0 nm. 
Another result of carbon atom number per volume is also estim
molecule of carbon-
ring of carbon then becomes a platelet. The PM from diesel engine contains approximately 829 atoms per 
nm3, 9.37 million atoms per a 30 nm diameter of single particle and 2776.46 million atoms per a 200 nm 
diameter of agglomerate particle, as shown in Table 1. As a result, the estimated of a 30 nm and 200 nm 
diameter of single and agglomerate particles mass are approximately 0.002 and 0.553 pico-grams, 
respectively. The atom density and mass of particle emissions is one of useful information for 
development of automobile after-treatment technology to improve the reduction of particle emission 
during trapping and oxidation process of the particulate filters.   
 
      
(a) TEM image of diesel PM                                (b) Focused TEM image of diesel PM 
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(c) Black and white distribution of carbon platelets                                       (d)  Estimated length of carbon platelets 
 
Fig.6 , (b) focused area and after image processing of (b) two colors and (c) platelet length images  
 
 
Fig.7. Estimated carbon platelet length of PM by image processing method  
 
Table 1. An example of a table 
Carbon inside PM Atom density  
(atoms) 
Mass  
(pg) 
A cubic nanometer 829 1.65  E-8 
 
Single particle  (30 nm diameter) 
 
9.37  E6 0.002 
 
Agglomerate particle  (200 nm diameter) 2776.46  E6 0.553 
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4. Conclusions 
Biodiesel combustion produces PM about two times lower than that of diesel combustion. Therefore, 
the conventional DPF also can be used for about two times of trapping duration. This means the energy 
consumption of engine for both the effect of pressure drop while driving and DPF regeneration process 
can be reduced approximately two times.    
The single (primary) and agglomerate size of diesel particles is larger than that of biodiesel. This is due 
to the lower concentration of biodiesel carbon particles, which is readily oxidized with more available 
oxygen, in combustion flame due to oxygenated biodiesel fuel. 
assisted by oxygenated fuel combustion. On the other hand, the primary particle size from diesel engine is 
smaller than that of diesel lamp particle due to homogeneous air/fuel mixture effect to complete 
combustion.  
The carbon atom density and mass of PM could be estimated by using TEM image processing method. 
The length and density of carbon platelet might be strongly depended on the fuel properties and soot 
generation method. The bio-oxygenated fuel plays an important role for agglomerate particle and single 
particle size due to oxygen atom inside fuel molecule. Moreover, the impact of oxygenated fuel in the 
length of platelet also needed to investigate for better understanding. This is an interesting result of bio-
oxygenated fuel combustion behavior and particles emission nanostructure which should be researched in 
more details to discover the useful information for better understanding and future designs of modern ICE 
and DPF configurations.   
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